The use of molecular hydrogen as electron donor for energy generation is a defining characteristic of the hydrogenotrophic methanogens, an ancient group that dominates the phylum Euryarchaeota. We present here a global study of changes in mRNA abundance in response to hydrogen availability for a hydrogenotrophic methanogen. Cells of Methanococcus maripaludis were grown by using continuous culture to deconvolute the effects of hydrogen limitation and growth rate, and microarray analyses were conducted. Hydrogen limitation markedly increased mRNA levels for genes encoding enzymes of the methanogenic pathway that reduce or oxidize the electron-carrying deazaflavin, coenzyme F420. F420-dependent redox functions in energy-generating metabolism are characteristic of the methanogenic Archaea, and the results show that their regulation is distinct from other redox processes in the cell. Rapid growth increased mRNA levels of the gene for an unusual hydrogenase, the hydrogen-dependent methylenetetrahydromethanopterin dehydrogenase.
The use of molecular hydrogen as electron donor for energy generation is a defining characteristic of the hydrogenotrophic methanogens, an ancient group that dominates the phylum Euryarchaeota. We present here a global study of changes in mRNA abundance in response to hydrogen availability for a hydrogenotrophic methanogen. Cells of Methanococcus maripaludis were grown by using continuous culture to deconvolute the effects of hydrogen limitation and growth rate, and microarray analyses were conducted. Hydrogen limitation markedly increased mRNA levels for genes encoding enzymes of the methanogenic pathway that reduce or oxidize the electron-carrying deazaflavin, coenzyme F420. F420-dependent redox functions in energy-generating metabolism are characteristic of the methanogenic Archaea, and the results show that their regulation is distinct from other redox processes in the cell. Rapid growth increased mRNA levels of the gene for an unusual hydrogenase, the hydrogen-dependent methylenetetrahydromethanopterin dehydrogenase.
coenzyme F420 ͉ microarrays ͉ Methanococcus maripaludis M ethanogenic Archaea may have been among earth's earliest organisms and today play essential roles in a variety of anaerobic habitats (1, 2) . The methanogens are phylogenetically widespread, comprising three of the seven classes in the phylum Euryarchaeota (3) . Most species are hydrogenotrophic, obtaining energy by using H 2 to reduce carbon dioxide to methane. H 2 is a major electron donor for methanogenesis in a variety of anaerobic habitats and a key intermediate in the anaerobic food web. During interspecies H 2 transfer, the concentration of the H 2 that is produced by heterotrophic bacteria and eukaryotes during the fermentation of complex organic compounds is maintained at very low levels by the hydrogenotrophic methanogens. These low H 2 concentrations are essential for the complete degradation of complex organic compounds in anaerobic environments. In addition, on early earth geochemical H 2 may have supported methanogenesis (1) . Because methane is a potent greenhouse gas, this process may have contributed to an early global warming effect.
Because of the central role of H 2 in interspecies H 2 transfer and as electron donor for hydrogenotrophic methanogens, H 2 is expected to play an important role in the global regulation of gene expression. Previous studies (e.g., ref. 4) have observed specific changes in gene expression with changes in H 2 availability but they could not distinguish the effects of H 2 availability from the effects of growth rate because nutrient limitation slows growth in batch culture. A critical feature of our analysis was the use of continuous culture. This approach was necessary not only for superior reproducibility, but also for determination of the effects of hydrogen and growth rate independently. Methanococcus maripaludis, a mesophilic hydrogenotrophic methanogen from marine sediments, served as our representative species. As a laboratory model, M. maripaludis is distinguished by relatively rapid growth, a well developed genetic system (5, 6), a complete genome sequence (7), established systems for transcriptome arrays and quantitative proteomics (8) , and continuous culture under defined nutrient conditions (9) .
Results and Discussion
Transcriptome microarrays were used to compare mRNA abundance in M. maripaludis in chemostat cultures where growth was limited by H 2 or two other nutrients, leucine or phosphate. During the comparisons of H 2 -to phosphatelimited growth and H 2 -to leucine-limited growth, growth rate and cell density were held constant. Thus, the effects of the nutritional limitations were independent of growth rate and cell density. By using three limiting nutrients, it was also possible to identify the causative factor for the regulatory responses. For example, a mRNA that is increased by H 2 limitation would show an increase under H 2 limitation relative to leucine limitation as well as under H 2 limitation relative to phosphate limitation. In addition, cultures were compared at 4.5-to 4.8-fold different growth rates while cell density was held constant, and the limiting nutrient was either H 2 or phosphate. Thus, it was possible to clearly identify genes affected by growth rate.
All mRNA ratios determined in this study and their P values are tabulated in supporting information (SI) Table 3 . Differential levels were generally regarded as significant if P Ͻ 10 Ϫ5 . Consistent trends across operons were considered significant at higher P values.
Distinct Effect of H2 Limitation on Genes Encoding F420-Dependent
Processes. A distinct set of genes displayed mRNA levels that were 4-to 22-fold higher under H 2 limitation than under phosphate or leucine limitation (Table 1 and Fig. 1 ). All of these genes encoded enzymes of the methanogenic pathway (10) that use the electron-carrying deazaf lavin, coenzyme F 420 . The markedly regulated genes included those encoding the selenocysteine-containing coenzyme F 420 -reducing hydrogenase (Fru; Mmp1382-1385), the primary reducer of F 420 during growth on H 2 when selenium is present (11) , as is the case in our medium. Also included was a cluster that contains genes for one of two formate dehydrogenases (Fdh1; Mmp1297-1302). A second Fdh (Fdh2; Mmp0138 -0139) was similarly regulated although not as markedly. The Fdhs reduce F 420 when formate instead of H 2 is the electron donor (12) . The remaining genes that were markedly regulated by H 2 were those encoding F 420 -dependent methylenetetrahydromethanopterin dehydrogenase (Mtd; Mmp0372) and F 420 -dependent methylenetetrahydromethanopterin reductase (Mmp0058), central steps in methanogenesis. In addition to increased mRNA abundance with H 2 limitation, the fru and fdh genes had significantly decreased mRNA abundance with increasing growth rate when H 2 was the limiting nutrient.
However, no growth rate effect was observed when phosphate was the limiting nutrient. In continuous culture the limiting nutrient concentration typically increases with growth rate, so the decreased mRNA levels with growth rate could actually be an effect of H 2 .
F 420 is unusually abundant in methanogenic Archaea, where it is coupled to many of the redox reactions in methanogenesis (13, 14) . The distinct effect of H 2 limitation on genes encoding F 420 -dependent processes suggests that cells may use F 420 to compartmentalize electron flow. Recent evidence demonstrates that the intracellular pool of reduced F 420 is in equilibrium with the H 2 concentration in the medium (15) . Therefore, F 420 -linked processes would be directly coupled to and most sensitive to H 2 levels. In this light, the up-regulation of F 420 -dependent processes appears to be a strategy to maintain electron flow for the methanogenic pathway by increasing the levels of enzymes when substrate (H 2 ) is low. In contrast, processes linked to ferredoxin or NAD(P), which were not markedly affected by H 2 limitation (below), may be buffered from rapid changes in H 2 concentrations, allowing the cells to perform biosynthetic reactions that depend on reduced ferredoxin or NAD(P)H (16-18) when H 2 levels are low.
Genes Moderately Regulated by Hydrogen Limitation. Genes for redox functions that do not involve F 420 were at most moderately affected by H 2 limitation. Genes for the biosynthetic energyconserving hydrogenase B (Ehb; Mmp1621-1629), carbon monoxide dehydrogenase/acetyl CoA synthase (Mmp0979-0985), and pyruvate oxidoreductase (Por; Mmp1502-1507), which use ferredoxins as electron carriers, had only moderately increased mRNA levels under H 2 limitation. We previously observed a similar increase in mRNA for these genes when Ehb was mutationally inactivated (8, 19) , suggesting a response to maintain flux through this pathway when the electron donor is limiting. Genes for the step of the methanogenic pathway that uses ferredoxin [the energy-conserving hydrogenase A (Eha)] were not significantly affected by H 2 limitation, nor could an effect of H 2 limitation be discerned for the methylreductase (Mcr), the non-F 420 -reducing hydrogenases (Vhu or Vhc), or the heterodisulfide reductases (Hdrs). Similarly, numerous biosynthetic steps depend on NAD or NADP; none was found to be significantly affected by H 2 limitation.
Genes Regulated by Growth Rate. The gene for the H 2 -dependent methylenetetrahydromethanopterin dehydrogenase (Hmd; Mmp0127) was increased 4-fold in mRNA abundance with rapid growth under hydrogen-limited conditions. Although not reflected in the arrays, real-time RT-PCR indicated moderate (1.8-fold) increased mRNA with increased growth rate under phosphate limitation as well ( Table 2 ). The more moderate effect of growth rate when phosphate was the limiting nutrient indicates complex regulation that depends on the limiting nutrient as well as growth rate. It is notable that Hmd was the enzyme of methanogenesis whose mRNA was most increased with growth rate. In contrast, the genes for the F 420 -associated proteins, including Mtd, which functions in the same step with Hmd, were not significantly affected by growth rate. These results suggest that Hmd, which is an unusual iron-sulfur clusterfree hydrogenase (20) with low affinity for hydrogen (21) , takes on increasing importance as growth rate increases. Genes for two steps in methanogenesis, formylmethanofuran:tetrahydromethanopterin formyltransferase (Mmp1609) and methenyltetrahydromethanopterin cyclohydrolase (Mmp1191), had Ϸ2-fold increased mRNA levels with increased growth rate ( Fig.  1 and Table 1 ). These steps are consecutive in the pathway and are the only steps that do not directly involve electron transfer or energy conservation.
Some genes of methanogenesis had moderately decreased mRNA with increased growth rate. M. maripaludis contains genes for two Hdrs and two non-F 420 -reducing hydrogenases. An operon containing genes for Hdr1 B and C subunits followed by genes of unknown function (Mmp1154-1165) was significantly down-regulated 2.5-fold with increasing growth rate ( Fig. 1 and Table 1 ). Genes for the Hdr2 B and C subunits (Mmp1053-1054) were also moderately but significantly down-regulated with rapid growth (Fig. 1 ). An apparent operon (Mmp1691-1697) containing genes for Vhu along with a Hdr A-subunit as well as the B-subunit of tungsten-containing formylmethanofuran dehydrogenase (FwdB) showed similar trends, as did an operon containing genes for the remaining subunits of Fwd (Mmp1244-1249). The similar trend observed for the Hdr and Vhu genes is consistent with the hypothesis that these enzymes function in the pathway of electron flow from H 2 to the heterodisulfide intermediate that forms between coenzyme M and coenzyme B during methanogenesis. Genes for Eha (Mmp1447-1465) were also slightly, but consistently, down-regulated with increasing growth rate.
Finally, many genes of the methanogenic pathway and early biosynthetic steps had decreased mRNA levels with leucine limitation. The effects of leucine and phosphate limitation, as well as additional effects of growth rate, will be reported (unpublished work).
Real-Time RT-PCR.
To check specific results and assess the overall quality of the array results, real-time RT-PCR was conducted for selected genes. The analysis included two genes, mtd and hmd (Mmp0372 and Mmp0127) that encode alternative enzymes for the second reduction step in methanogenesis ( Fig.  1 ) and were markedly regulated in certain comparisons, and an important biosynthetic gene porE (Mmp1503), that was moderately regulated. Also included were a putative transcriptional regulator gene (Mmp1100) and Mmp0009, a putative DNA primase gene that was chosen for its apparent lack of regulation. Most genes showed similar trends with the two measurement techniques (Table 2 ). In only one case did real-time RT-PCR fail to detect regulation where the arrays had indicated moderate regulation, porE in the hydrogen vs. phosphate comparison.
Comparison with Previous Studies. Several previous studies have reported the effects of different hydrogen delivery rates, or of different degrees of mixing, on the expression of methanogenesis genes. However, because of the use of batch culture, the effects of hydrogen availability could not be distinguished from the effects of growth rate. Comparison with our results suggests that both effects may have occurred, and that similar patterns of gene expression may occur in diverse species of methanogens. Among those genes of methanogenesis that we found to be markedly up-regulated by hydrogen limitation in M. maripaludis, studies in Methanothermobacter thermautotrophicus (4, 22) led to a similar conclusion for homologs of Mtd, methylenetetrahydromethanopterin reductase, (24) . In batch culture low hydrogen coincides with low growth rate, and the effects may have been a result of growth rate differences, consistent with our observation in M. maripaludis of decreased hmd mRNA levels with lower growth rate. Alternatively, regulation by hydrogen of Hmd at a post-mRNA level could occur. In other cases, differences between our results and previous ones could be caused by species differences. The M. thermautotrophicus study reported increased mcr mRNA levels under low hydrogen. In contrast, we observed no significant regulation of mcr in M. maripaludis with hydrogen limitation or growth rate. Among the differences between the two species is the presence of a second Mcr in M. thermautotrophicus, Mrt, which is lacking in M. maripaludis. In M. thermautotrophicus mrt was affected in the opposite direction to mcr and regulation might be associated with the presence of the two alternative enzymes.
Conclusion.
A microarray comparison of M. maripaludis chemostat cultures revealed distinct sets of genes whose mRNA levels vary with hydrogen limitation or growth rate. Genes for F 420 -dependent functions were distinguished by marked increases of mRNA levels with hydrogen limitation, whereas mRNA abundance for Hmd was positively affected by rapid growth. More modest effects of hydrogen limitation and growth rate were also observed among the genes of methanogenesis and early biosynthetic steps. The mechanisms for these effects on mRNA abundance remain to be investigated.
Methods
Bacterial Strains, Media, and Culture Conditions. M. maripaludis strain S52, a leucine auxotroph, has been described (9) . Cultures (1-liter volumes) of S52 were grown at 37°C in chemostats as described (9) . The standard medium pumped into the chemostat vessels was McA, a defined complex medium. The standard gassing regime was 110 ml/min H 2 , 40 ml/min CO 2 , 35 ml/min N 2 , and 15.5 ml/min H 2 S/N 2 mixture (1:99). Cultures were stirred at 1,000 rpm with two 52-mm, six-bladed, Rushton-type impellers. For nutrient limitation comparisons, growth rate was 0.125 h Ϫl and conditions were modified as follows. For hydrogen-limited cultures H 2 was lowered to 20 ml/min and N 2 was increased to 125 ml/min. For phosphate limitation phosphate was lowered from the standard 0.8 mM to 0.15 mM. For leucine limitation, leucine was lowered from the standard 0.5 mM to 0.15 mM. For hydrogen-limited growth rate comparisons, cultures were grown at 0.042 or 0.2 h Ϫl . For phosphate-limited growth rate comparisons, cultures were grown at 0.042 or 0.19 h Ϫl . For hydrogenlimited cultures at 0.042 h Ϫl , H 2 was delivered at 8 ml/min and N 2 was delivered at 135 ml/min. For hydrogen-limited cultures at 0.2 h Ϫl , H 2 was delivered at 29 ml/min and N 2 was delivered at 115 ml/min. For phosphate-limited cultures at both growth rates, phosphate was 0.15 mM. All cultures were allowed to stabilize and remain at a constant cell density, OD 660 ϭ 0.6, for at least three retention times before harvesting. For comparison, when the standard medium and gassing regime were used (no limiting conditions), steady-state OD 660 was Ͼ1.0.
Cell Harvesting. To harvest cells, the chemostat vessel was pressurized to 10 psi, and culture was allowed to flow out through the sampling tube. Culture was rapidly cooled by either of two methods. In one method, 400 ml of culture were collected in a 1-liter round-bottom flask that had been precooled on ice and rapidly cooled to 4°C by swirling in a dry ice-ethanol bath. Culture was then divided into 50-ml portions, and cells were collected by centrifugation at 4°C at 8,000 ϫ g for 5 min. In the other method, culture was collected directly into centrifuge tubes through stainless-steel tubing bathed in ice water and centrifuged as above. Cell pellets were stored at Ϫ80°C.
RNA Extraction, Array Hybridization, and Real-Time RT-PCR. RNA was extracted, treated with DNase, and checked for quality. Cy3-and Cy5-labeled cDNAs were produced and hybridized to spotted PCR product arrays. Real-time RT-PCR was performed for selected samples. Details are given in ref. 8 .
Array Data Collection and Analysis. Nutrient limitation comparisons were conducted with four biological replicates for each condition. Growth rate comparisons were conducted with three biological replicates. Each comparison involved four technical replicates as described (8) . For nutrient limitation comparisons and growth rate comparisons under hydrogenlimited conditions, slides were read at the University of Washington Center for Expression Arrays and data were quantified as described (8) . For growth rate comparisons under phosphate-limited conditions, slides were read on a Scan-Array Express reader (PerkinElmer, Wellesley, MA) at the Institute for Systems Biology, Seattle, WA. Average expression ratios and unadjusted P values were calculated for each gene across all replicates by using the Sϩ array analyzer, using Loess normalization and a t test for significance to calculate P values. Gene expression ratios were viewed by using a TIGR MultiExperiment Viewer (25) . Data are available at the Gene Expression Omnibus database under accession no. GSE6747.
